Monensin was fed at 0 and 33 ppm in a crossover trial designed to determine the effect of this compound on ruminal and postruminal utilization of a corn-based diet and bacterial 9 protein synthesis in abomasally fistulated steers. Monensin decreased (P<.10) ruminal true digestion of organic matter (OMc, corrected for bacterial cell synthesis) and apparent ruminal digestion of starch by 19%, but had no effect on apparent total tract digestion of OM or starch. Apparent ruminal and total tract digestibilities of crude protein (CP) were unchanged. Monensin decreased (P<.07) the contribution of bacterial N to total abomasal N (52 vs 58%), and increased (P<.06) the contribution of ruminally undegraded feed N (46 vs 40%), but had no effect on total N or amino acids recovered from the abomasum. Efficiency of bacterial protein synthesis (grams bacterial CP/100 g ruminally digested OMc) was unchanged. Monensin decreased (P<.05) the fraction of bacterial N to total N digested postruminally (42 vs 50%) and increased (P< .05) the contribution of ruminally undegraded feed N digested postruminally (58 vs 50%). Monensin caused a greater proportion of feed N and starch to be digested in the intestines than in the rumen (with possibly greater resultant metabolic efficiency), and this may account for some of the benefits obtained from feeding this compound with high grain diets.
Introduction
It is generally accepted that monensin, a biologically active compound produced by a strain of Streptomyces cinnamonensis (Haney and Hoehn, 1967) , improves energetic efficiency of rumen fermentation. Monensin increases the molar proportion of propionic acid while decreasing the molar proportions of acetic and butyric acids , which results in increased in vivo production of propionie acid (L. Shell, W. H. Hale, B. Theurer and R. S. Swingle, unpublished data) . Because most of the energy in finishing diets is derived from cereal starches, it is important to determine the extent to which this increased energetic efficiency is due to changes in the rumen fermentation of starch. The effects of monensin on microbial utilization of starch have not been reported. If monensin alters ruminal utilization of starch, then it could also influence feed efficiency by altering ruminal versus postruminal starch digestion.
Monensin has been shown to spare dietary protein when fed to growing-finishing beef cattle (Gill et al., 1977; Hanson and Klopfenstein, 1979) and to improve crude protein digestibility and N retention by growing steers fed high grain diets (Muntifering et al., 1980a) . Poos et al. (1979) observed that monensin decreased ruminal outflow of bacterial N and increased ruminally undegraded feed (bypass) N in steers. In other studies, monensin inhibited in vitro bacterial protein synthesis (Van Nevel and Demeyer, 1977) and ruminal protein degradation (Tolbert et al., 1977) . The influeence of monensin on efficiency of in vivo bacterial protein synthesis has not been reported.
Depending upon dietary protein quality, the consequences of reduced ruminal proteolysis and of bacterial growth inhibition may be beneficial in helping to satisfy the amino acid requirements of highly productive animals in practical feeding situations. While monensin has 1565 JOURNAL OF ANIMAL SCIENCE, Vol. 53, No. 6, 1981 been shown to affect the conversion of feed protein to microbial protein when fed with diets representing extremes of high bypass protein and nonprotein N (Poos et al., 1979) , similar data are not available on the feeding of monensin with diets containing high amounts of cereal grains. Such information is essential because cereal grains often furnish most of the crude protein in growing-finishing diets for beef cattle.
The objective of these trials was to determine the effect of monensin on the site and extent of protein and starch digestion of a corn-based diet and on bacterial protein synthesis in abomasally fistulated steers. Preliminary reports have been made on a part of this study (Muntifering and Theurer, 1980; Muntifering et al., 1980b) .
Experimental Procedures
Two trials were conducted as a crossover experiment designed to determine the effect of monensin on (1) the extent of ruminal versus postruminal digestion of a 90% whole shelled corn diet (table 1) containing 10% crude protein and 62% starch (dry matter basis), and (2) bacterial protein synthesis in vivo.
In trial 1, six steers (mean initial weight, 225 kg) were randomly assigned to two treatment groups and fed 0 or 33 ppm monensin in the Dougherty (1955) , and were allowed 4 to 6 weeks to recover and adapt to management. In trial 2, steers were crossed over to the opposite experimental treatments. In addition, another four steers (mean body weight, 228 kg) were abomasally cannulated and randomly assigned to the two treatment groups. One of these steers lost its cannula and was removed from the experiment, resulting in totals of seven and eight animal observations for the control and monensin treatments, respectively.
In each trial, the diet was fed ad libitum twice daily to all steers during a 3-week adaptation period. Each of these periods was followed by a 10-day preliminary phase and a 6-day period of total fecal collection and abomasal sampling (12-hr interval advanced 2 hr daily). Sham collections of abomasal contents were taken from all steers for the last 4 days of each 10-day preliminary phase. Steers were housed in individual pens (2.4 x 4.9 m) and daily fecal collections were taken from the concrete floors of the pens.
For the preliminary and collection periods of each trial, daily intake for each steer was adjusted to approximately 90% of the daily voluntary intake measured during the last week of the 3-week adaptation period. Further adjustments were made as necessary to equalize intake across treatments. The supplement (table 1) was pelleted through a .48-cm die and fed as a top dressing. Chromic oxide powder was incorporated into the supplement during each 10-day preliminary phase and 6-day collection period.
A 5% aliquot of daily fecal output was dried at 50 C for 48 hr in a forced-air oven. Feed samples were taken daily and dried similarly. Abomasal contents were collected in plastic bags, placed immediately on Dry Ice and stored at -20 C. Individual samples of abomasal digesta were lyophilized. Samples of feed, feces and abomasal digesta were pooled to yield individual animal composites for chemical analyses.
Dry matter, ash and N in feed, feces and abomasal digesta were analyzed by AOAC (1970) procedures. Chromic oxide content of feed, feces and abomasal digesta was determined by the perchloric acid oxidation procedure of Kimura and Miller (1957) . Starch in feed, feces and abomasal digesta was determined by the acid hydrolysis method of Osman et al. (1970) as modified by Kartchner and Theurer (1981) . Feces were analyzed for acid detergent-insoluble N by the method of Mason (1969) . Abomasal digesta were analyzed for ammonia N by distillation over MgO (AOAC, 1970) and for amino acids, including diaminopimelic acid (DAP), by ion-exchange chromatography (Moore et al., 1958) modified to allow separation of DAP from methionine (Rahnema, 1977) .
Bacterial N in samples of abomasal digesta was estimated from lysine and leucine ratios with summation equations derived from those reported by Ely et al. (1971) . Undigested bacterial N in feces was calculated as the difference between total N and acid detergentinsoluble N content. Ruminal bypass of feed N was calculated as the difference between nonammonia N and bacterial N content of abomasal digesta (includes protozoal and endogenous N).
Ruminal digestion coefficients for organic matter, starch and crude protein based on nutrient-indicator ratios were corrected to represent 100% recovery of chromic oxide in feces. Ruminal true digestion of organic matter (OM c) was estimated by further correction for de novo bacterial cell synthesis. Postruminal digestion coefficients for organic matter, starch and crude protein fractions were calculated on the basis of amounts present in abomasal digesta (presumably entering the small intestine) and appearing in the feces.
In a separate experiment, the effect of monensin on amino acid composition and DAP: total N ratio of mixed rumen bacteria was evaluated. A mature, rumen-fistulated Hereford steer was fed the experimental diet containing 0 or 3 3 ppm monensin for two 3-week periods. On 2 consecutive days at the end of each period, a sample of rumen fluid was obtained 3 hr postprandially. Washed bacterial cell suspensions were prepared by a modification of the procedure of Ibrahim et al. (1970) . These were dried at 50 C on glass plates, pulverized and stored in glass vials. On a dry matter basis, these samples contained an average of 9.3% ash and 49.7% crude protein (microKjeldahl N x 6.25).
Data were analyzed as a crossover design by analysis of variance by the method of least squares (Steel and Torrie, 1960) .
Results and Discussion
Monensin reduced (P<.10) ruminal true digestion of OM c by 19% (table 2) . This finding is in agreement with that of Owens et al. (1978) , who observed a 16% reduction in apparent ruminal dry matter digestion in steers fed a 57% corn diet supplemented with monensin. In other trials with steers fed harvested forage (Lemenager et al., 1978) , monensin lowered ruminal liquid and solids turnover rates by 31 and 44%, respectively, thus increasing ruminal residence time of feed materials and, probably, the extent of ruminal digestion. Monensin Because monensin had no effect on total tract or postruminal digestion coefficients for organic matter or starch (tables 2 and 3), there was a tendency (P>.10) for more organic matter (2,064 vs 1,818 g/day) and starch (1,117 vs 873 g/day) to be digested in the intestines of steers fed monensin. This may be interpreted as an added benefit of feeding monensin with high concentrate diets, and the resultant glucose from small intestinal starch digestion should be more efficiently utilized by the host animal than would VFA arising from ruminal fermentation of starch (~Jrskov, 1977) . Because pancreatic amylase secretion apparently increases in response to increases in the amount of dietary starch escaping rumen fermentation (Clary et al., 1967) , our observations may explain the significant increase in amylase activity caused by monensin in the study by Van Hellen et al. (1977) . Increased plasma glucose and serum insulin levels have been observed in feedlot steers fed monensin .
Monensin had no effect on apparent ruminal, postruminal or total tract digestion of crude protein (table 4), nor did it affect protein true digestibility. Abomasal recovery of crude protein exceeded crude protein intake in both treatment groups, resulting in negative apparent ruminal digestion coefficients for this component. This is not an uncommon observation , and is probably related to an influx of endogenous N and(or) an underestimation of ruminal organic matter digestion by reference to chromic oxide (Drennan et al., 1970; ; thus, abomasal flow of organic matter (including crude protein) would be overestimated. Nevertheless, this should not invalidate between-treatment comparisons.
Analysis of washed bacterial cell suspensions revealed that DAP:total N ratios were not altered by monensin, a finding in agreement with Poos et al. (1979) . The DAP N content of bacterial cells averaged .54% of total N, a low value within the range (.5 to 1.1%) reported in a review of this topic (Smith, 1975) . Preliminary estimates of the contribution of bacterial N to total abomasal N, based on the DAP ratio technique (Hutton et al., 1971) , were interpreted to be unreasonably high (73 vs 82% for monensin and control treatments, respectively; P<.10). This phenomenon has been observed by other investigators (Nikolic and Jovanovie, bBased on amount in abomasal digesta (presumably entering duodenum).
CBased on acid detergent-insoluble N content of feces.
1973) and has been attributed to a possible preferential degradation of cell contents (DAP being present in the cell wall) during the process of rumen bacterial turnover (Siddons et al., 1979) . For this reason, we felt that the best estimate of bacterial N:total abomasal N might be accomplished by the summation equation technique (Ely et al., 1967) , based on the leucine and lysine content of feed, bacteria and abomasal digesta. This method has been employed satisfactorily to determine bacterial N: total abomasal N in steers fed sorghum grain diets (Potter et al., 1971; Rahnema et al., 1979) . Monensin decreased (P<.07) the proportion of abomasal N of bacterial origin (52 vs 58%) and increased (P<.06) that of ruminally undegraded feed origin (46 vs 40%; table 5). These values agree with the data of Cole et al. (1976) , which showed that microbial and feed N composed 51 and 43%, respectively, of abomasal N in steers fed a whole shelled corn diet containing 7% roughage. Bacterial N also represented a smaller proportion of abomasal N in steers fed monensin than in controls in a recent study by Tolbert et al. (1979) . That monensin lowered (P<.10) abomasal passage of ammonia N (table 6) may reflect a depression of ruminal ammonia levels (Dinius et al., 1976; Tolbert et al., 1977) resulting from inhibition of microbial proteolytic activity (Poos et al., 1979) .
Monensin reduced (P<.10) daily abomasal passage of bacterial N by 14% (table 6). This was accompanied by a 15% increase in the daily passage of ruminally undegraded feed N. Poos et al. (1979) found that monensin reduced bacterial N by approximately 33% in steers fed diets supplemented with either brewers dried grains or urea, whereas feed bypass N was increased by 37 and 55%, respectively, with the two sources of supplemental N. In the trial conducted by Owens et al. (1978) , monensin had no effect on daily amounts of bacterial N, but it increased feed bypass N by 22%. The extent to which monensin alters the relative proportions of bacterial and feed bypass N in abo- (Tolbert et al., 1977; Dinius, 1978) . Efficiency of bacterial protein synthesis (table 6) was relatively unchanged by monensin (average of 15 g bacterial CP/100 g ruminally digested OMc). While the effect of monensin on this measurement in vivo has not been reported elsewhere, Van Nevel and Demeyer (1977) observed that monensin significantly inhibited synthesis of bacterial cells in vitro. This may be of extreme importance in applied ruminant feeding situations in which NPN supplies an appreciable portion of the dietary crude protein equivalence (CPE). Monensin had no beneficial effect on beef cattle performance when fed with diets containing approximately 40% of the CPE as urea , but it was effective in cattle finishing diets in which approximately 17% of the CPE was in the form of urea (Davis and Erhart, 1976) .
Passage of essential and nonessential amino acids (table 7) was not affected by monensin. This was expected on the basis of the small differences (15%) between the treatments in the proportions of feed and bacterial N in abomasal digesta. In other trials in which the effects of aAll values are means of seven (0 ppm) and eight (33 ppm) observations. bBased on amount entering duodenum and recovered as fecal acid detergent-insoluble N. CBased on amount entering duodenum and recovered as fecal acid detergent-soluble N.
*Different (P<.05) from control value.
5"Different (P<.IO) from control value.
monensln on these proportions were more dramatic (Poos et al., 1979) , passage of essential and nonessential amino acids tended to increase when diets containing monensin were supplemented with a natural protein source, but not when they were supplemented with urea. Monensin decreased (P<.10) passage of DAP by 12% (2.2 vs 2.5 g/day), a reflection of the 14% depression in amount of bacterial N for this treatment.
Ruminal digestion of feed N (table 8) was calculated to be 51 and 44% for control and monensin treatments, respectively. Postruminal digestion coefficients for feed N and bacterial N did not differ between treatments, averaging 91 and 61%, respectively. Monensin decreased (P<.05) the contribution of bacterial N to total N digested and absorbed postruminally (42 vs 50%) and increased (P<.05) the contribution of ruminally undegraded feed N digested postruminally (58 vs 50%); hence, steers fed monensin tended to digest more feed N and less bacterial N in the intestines than did controls. The net effect of altering the proportions of feed and bacterial N digested postruminally in this fashion may be an added benefit of feeding monensin, as losses incurred in the ruminal transformation of feed N to bacterial N would be reduced. These losses include those of ammonia absorbed from the rumen and of nucleic acid N in microbial cells and a lower postruminal digestibility of microbial cells than of ruminally undegraded feed proteins (Satter and Roffler, 1976) . Although not evident in this study, changes in the proportions of feed and bacterial protein available for intestinal digestion may explain the monensin-induced improvements in total tract apparent crude protein digestibility that have been observed with whole corn diets in other trials Muntifering et al., 1980a) .
These data suggest that monensin may alter the extent of ruminal versus postruminal digestion of protein and starch, thereby modifying the nature of endproducts available for absorption. Improved metabolic efficiency by this mechanism may account for some of the benefits obtained from feeding this compound with high grain diets. 
